Listeria monocytogenes is a major intracellular human foodborne bacterial pathogen. We previously revealed L. monocytogenes cadC as highly expressed during mouse infection. Here we show that L. monocytogenes CadC is a sequence-specific, DNA-binding and cadmium-dependent regulator of CadA, an efflux pump conferring cadmium resistance. CadC but not CadA is required for L. monocytogenes infection in vivo. Interestingly, CadC also directly represses lspB, a gene encoding a lipoprotein signal peptidase whose expression appears detrimental for infection. lspB overexpression promotes the release of the LpeA lipoprotein to the extracellular medium, inducing tumor necrosis factor α and interleukin 6 expression, thus impairing L. monocytogenes survival in macrophages. We propose that L. monocytogenes uses CadC to repress lspB expression during infection to avoid LpeA exposure to the host immune system, diminishing inflammatory cytokine expression and promoting intramacrophagic survival and virulence. CadC appears as the first metal efflux pump regulator repurposed during infection to fine-tune lipoprotein processing and host responses.
10 mM HEPES, 10% FBS, and 10% L929-conditioned medium at 37°C in 5% CO 2 .
Deletions (∆cadA, ∆cadC, ∆cadAC, ∆lspB, and ∆cadC∆lspB), insertion (∆lpeA), and complementation (∆cadC+cadC) were performed as previously described [14, 15] . Overexpression (wild type [WT]+lspB) was performed using a pMK4 vector [16] carrying the strong constitutive Pprot promoter [17, 18] . Primers are listed in Supplementary Table 1. Constructs were confirmed by sequencing.
Toxicity Assays
For Cd challenge, 1/100-diluted overnight cultures were challenged after exposure to 384 μM cadmium chloride (CdCl 2 ) for 210 minutes. Growth (OD 600 ) was measured every 45 minutes. In disk diffusion assays, plated bacterial lawns were overlaid with a 6-mm paper disk soaked with 10 μL of metal salt solution (100 mM). The growth inhibition zone diameter was measured after overnight incubation at 37°C. For minimum inhibitory concentrations, 96-wells microtiter plates containing BHI/metal-salt solutions (100 μL/100 μL) were inoculated with 1 μL of overnight cultures. Growth was assessed (at OD 600 ) after incubation at 37°C for 24 hours.
Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Bacterial cultures (OD 600 = 0.6) were supplemented with 384 μM CdCl 2 for 15 minutes, centrifuged, washed with phosphate-buffered saline, and lyophilized. Dried samples were digested with HNO 3 , suspended in 4 N HNO 3 , diluted in water, and analyzed by ICP-MS.
Proteins
cadC was cloned into pET28b, sequenced, and transformed in E. coli BL21(DE3). CadC-His 6 production was induced with 0.1 mM IPTG at 37°C for 3 hours. Cells were resuspended, sonicated, cleared by centrifugation, and subjected to soluble fraction purification by Ni-NTA-agarose chromatography (Qiagen). Lipoproteins were recovered by the Triton X-114 phase-partitioning method [19] , and culture supernatant proteins were recovered by trichloroacetic acid precipitation [20] . Sodium dodecyl sulfatepolyacrylamide gel electrophoretic protein bands were excised, reduced with DTT, alkylated with iodoacetamide, and in-gel digested with trypsin. Peptide identification was performed by matrix-assisted laser desorption/ionization time of flight/time of flight mass spectrometry [21] .
Electrophoretic Mobility Shift Assays (EMSAs)
CadC DNA binding assays were performed in 50 mM Tris-HCl (pH 7.4), 6 mM MgCl 2 , 100 mM NaCl, 50 mM KCl, 100 ng of DNA, and purified CadC/GFP. After 20 minutes at room temperature, samples were resolved in 6% polyacrylamide gel and visualized by DNA staining.
Chromatin Immunoprecipitation (ChIP) and Quantitative Polymerase Chain Reaction (qPCR) Analyses
ChIP assays were performed as described elsewhere [22] , using anti-CadC polyclonal rabbit serum generated through CadC-His 6 as previously described [15] . A total of 1-10 ng of ChIP-purified DNA (NZYGelpure) was analyzed by qPCR. Fold enrichment is shown normalized to an unrelated promoter region (inlA) and as compared to mock-IP (IP without anti-CadC).
Macrophage Infection
Bone marrow cells were collected from C57BL/6 mouse femurs and differentiated for 10 days. BMDMs or RAW macrophages were exposed for 20 or 30 minutes, respectively, to L. monocytogenes (OD 600 = 0.8) at a multiplicity of infection of 10. Macrophages were treated for 10 minutes-4.5 hours with 20 μg/ mL gentamicin, washed, and lysed (0.1% Triton X-100), and intracellular bacteria were enumerated by plating.
Transmission Electron Microscopy
L. monocytogenes (OD 600 = 0.8) was fixed for 1 hour at room temperature (in 4% paraformaldehyde, 2.5% glutaraldehyde, and 0.1 M sodium-cacodylate [pH 7.2]), stained for 2 hours with 1% osmium tetroxide, and compacted in 30% bovine serum albumin. Bacterial pellets were fixed overnight in 1% glutaraldehyde, dehydrated in ethanol, and embedded in Epon-812. Ultrathin sections (40-50 nm) were placed on 400-mesh copper grids and visualized (Jeol JEM-1400).
RNA Techniques
RNA was extracted from L. monocytogenes (OD 600 = 0.8) and RAW macrophages (5 hours after infection), treated (TURBO-DNA-free, Ambion), checked for quality (Experion, Bio-Rad Laboratories), reverse transcribed (iScript, Bio-Rad Laboratories), and analyzed by real-time qPCR as previously described [12] . Gene expression data were analyzed by the comparative cycle threshold method [23] , normalized to relative reference gene expression (L. monocytogenes 16S ribosomal RNA or Mus musculus hprt1).
Mouse Infections
Intravenous and oral inoculations were performed as described elsewhere (n = 5) [24] . Animal procedures were in agreement with European Commission (directive 2010/63/EU) and Portuguese (Decreto-Lei 113/2013) guidelines, approved by the Instituto de Biologia Molecular e Celular Ethics Committee and the Direcção Geral Veterinária (license PTDC/ SAU-MIC/111581/2009).
Enzyme-Linked Immunosorbent Assay (ELISA)
Cytokine levels released into infected RAW macrophage supernatant were measured using a murine ELISA kit (eBioscience).
Statistical Analyses
Statistics were performed with Prism (GraphPad), using the unpaired 2- Figure 1A and 1B and Supplementary Figure 1A) . L. monocytogenes CadC displays a classic DNA-binding helix-turn-helix motif and type 1 metal-binding site composed of 4 critical cysteines [25] ( Figure 1A) . The predicted L. monocytogenes CadC structure is close to that of Staphylococcus aureus CadC (Supplementary Figure 1B) . However, L. monocytogenes CadC lacks the type 2 metal-binding site present in S. aureus CadC but dispensable for metal binding [26] ( Figure 1A ). L. monocytogenes CadA exhibits a metal-binding domain and motifs conserved in P1-type ATPases and is predicted to be a membrane protein with 8 transmembrane domains (Supplementary Figure 1C) [27] . Whereas cadA and cadC are harbored by plasmids in different Listeria strains [10, 11, 28] , they are located on the L. monocytogenes chromosome. L. monocytogenes cadA is found downstream of cadC, with an oppositely oriented gene in between (lspB) encoding a putative lipoprotein signal peptidase (Lsp) type II [29, 30] ( Figure  1B) . cadA-lspB-cadC are flanked by an integrase-encoding gene (lmo1097) and 12 Tn916-like genes (lmo1103-lmo1114). The average GC content percentage (32%) of the lmo1097-lmo1102 locus is notably lower than that of surrounding regions (39%-43%; Figure 1B ).
We first analyzed whether cadA, lspB, and cadC are transcribed from a single promoter. Although independent transcripts were detected for the 3 genes in the presence of Cd, no cotranscript was observed ( Figure 1C ), indicating that in the conditions tested there is no cadA-lspB-cadC cotranscription.
PrfA controls the expression of major L. monocytogenes virulence genes [31, 32] . We found a palindromic sequence, TTAACAgaTTTCAA, bearing 2 mismatches with the consensus PrfA box (TTAACAttTGTTAA), 661-bp upstream from the cadC start codon. PrfA-dependent cadC transcription was assessed on wild-type (WT) and ΔprfA strains grown in the presence of Cd in either BHI broth or glycerol-supplemented minimal medium. PrfA is fully active in minimal medium [33] . Levels of cadC transcripts were similar in both strains under both conditions ( Figure 1D ), demonstrating that PrfA does not control cadC expression. Thus, L. monocytogenes encodes a chromosomal putative Cd efflux system whose expression is Cd dependent and PrfA independent.
CadA Is a Functional Cd Efflux Pump Required for L. monocytogenes

Resistance to Cd
Growth rates of single-deletion (ΔcadA and ΔcadC) and double-deletion (ΔcadAC) mutants were comparable to that of the WT strain (Figure 2A ), indicating that none of the Cad proteins is essential for viability and growth in rich medium. Addition of Cd to mid-exponential-phase cultures induced a slight decrease in the growth of WT and ΔcadC strains, whereas it notably impaired the growth of ΔcadA and ΔcadAC strains, revealing the role of CadA in L. monocytogenes resistance to Cd. While the growth inhibition zones observed when L. monocytogenes lawns were grown on BHI plates overlaid with disks saturated with CdCl 2 were equivalent for WT and ∆cadC strains, ∆cadA displayed increased Cd susceptibility ( Figure 2B ), confirming the role of CadA in Cd resistance and demonstrating that CadC is not required for Cd resistance. Similar areas of growth inhibition were observed with disks saturated either with CdCl 2 or cadmium sulfate ( Figure 2B ), showing that Cd is the cause of toxicity. WT and ∆cadA strains showed similar growth inhibition in response to all other metal salts tested ( Figure 2B ), indicating that CadA mainly confers resistance to Cd. In agreement with this finding, compared with the WT strain, the ∆cadA strain displayed a 10-fold decrease in the minimum inhibitory concentration of Cd, while it remained unchanged for zinc, cobalt, copper, and nickel ( Figure 2C ). We measured intracellular levels of Cd, zinc, and lead in WT and ∆cadA strains. Whereas zinc and lead levels were equivalent in both strains, the ∆cadA strain accumulated nearly 6-fold more intracellular Cd ( Figure 2D ), demonstrating that CadA is required to maintain homeostatic intracellular Cd concentrations. These results confirm that L. monocytogenes CadA is a functional Cd efflux pump required to confer resistance to Cd-induced toxicity.
CadC Directly Regulates cadA, cadC, and lspB Expression in Response to Cd
We assessed the role of CadC and Cd in cadA, cadC, and lspB transcription. In absence of CadC, cadA and lspB transcript levels were significantly increased, and cadA, cadC and lspB transcript levels rose in response to Cd ( Figure 3A) , showing that CadC actively represses cadA and lspB transcription, whereas Cd activates cadA, cadC, and lspB expression.
We identified conserved CadC boxes (Cx) exclusively in the promoter regions of cadA (cadA Cx), cadC (cadC Cx), and lspB (lspB Cx), similar to the well-characterized S. aureus Cx ( Figure 3B ). L. monocytogenes CadC was produced, purified (Supplementary Figure 2A) , and used in EMSAs with DNA fragments containing each Cx. CadC appeared capable of delaying the migration of cadA Cx, cadC Cx, and lspB Cx ( Figure 3B ) but not of a negative control promoter DNA (inlA). Similarly, an unrelated protein (GFP) did not delay cadC Cx migration. Thus, direct CadC binding to Cx appears to be sequence and protein specific. To confirm that L. monocytogenes CadC binds to Cx in vivo, CadC was immunoprecipitated from L. monocytogenes extracts, using an anti-CadC antibody, and coprecipitated DNA was analyzed by qPCR, using primers specific for Variations in the DNA GC content relative to the average GC content of the whole genome are indicated by bars. Numbers correspond to the percentage of the DNA content composed of GC for each gene. C, Transcriptional analysis of the cadA-lspB-cadC region by reverse transcription-polymerase chain reaction (RT-PCR). Predicted fragments (cadA, cadA-lspB, lspB, lspB-cadC, and cadC) amplified with the different primer sets are indicated on the schematic representation of the cadA-lspB-cadC locus. RT-PCR analyses were performed on RNAs from logarithmic-phase cultures of L. monocytogenes growing in brain heart infusion broth at 37°C, in the absence (-) or presence (+) of cadmium (Cd). Control PCR analyses were performed on genomic DNA. D, Analysis of PrfA regulation of cadC transcription. Quantitative real-time PCR was performed on RNAs extracted from logarithmic-phase cultures of wild-type (WT) and ∆prfA strains grown in brain heart infusion agar at 37°C. inlA and lmo2845 were used as PrfAdependent and PrfA-independent control genes, respectively [47, 15] . Gene expression levels in the ∆prfA mutant are presented normalized to those in the WT strain (set at 1). Values are mean ± SD from 3 independent experiments. *P < .05, compared with the WT strain.
the different Cx (ChIP-qPCR). Enrichment was observed for all Cx tested ( Figure 3B ) and was shown to be specific by normalization to a negative control DNA and to mock IP, demonstrating the CadC binds specifically to L. monocytogenes Cx in vivo.
EMSAs were also performed with DNA fragments containing WT cadC Cx sequence (Cx) or with point (Cx-M1-6) or transversed (Cx-T) mutations ( Figure 3C ). Whereas CadC altered the migration of native Cx, with the exception of the M2 substitution (T→G), every other mutation abrogated the mobility shift. The interaction between CadC and Cx thus appears highly specific and dependent on the conserved palindromic sequence.
In the presence of increased concentrations of Cd, CadC was released from Cx ( Figure 3D ). In addition, the Cd concentration necessary to abrogate CadC binding to Cx was 10-fold Real-time quantitative polymerase chain reaction (qPCR) analysis of RNAs extracted from logarithmic-phase cultures of wild-type (WT) and ∆cadC strains grown in brain heart infusion (BHI) broth at 37°C and WT grown in BHI supplemented with Cd (WT+Cd). lmo2845 was used as a CadC-and cadmium-independent control gene. Gene expression levels are shown normalized to those in the WT grown in BHI agar in the absence of cadmium (set at 1). Values are mean ± SD from 3 independent experiments. ND, no data. *P < .05 and **P < .01, compared with the WT strain. B, CadC binds directly to cadA, cadC, and lspB CadC boxes. Upper panel, Alignment of CadC boxes upstream of Staphylococcus aureus pI258 cadC, Listeria monocytogenes cadA, L. monocytogenes cadC, and L. monocytogenes lspB. Palindromes are indicated by arrows. Bottom left panel, Increasing amounts of purified CadC were used in electrophoretic mobility shift assays (EMSAs) with DNA fragments containing the cadA, cadC, or lspB CadC box (Cx) generated by PCR, using primers listed in Supplementary Table 1. An unrelated promoter region (inlA) and an unrelated protein (GFP) were used as negative controls. Bottom right panel, chromatin immunoprecipitation qPCR was conducted to quantify the capacity of CadC to bind Cx in vivo. Fold enrichment is shown normalized to an unrelated promoter region (inlA) and as compared to mock-IP. Values are mean ± SD from 5 independent experiments. *P < .05. C, Specificity of the interaction between CadC and Cx, using Cx-containing DNA fragments in which the palindromic sequence was either present in its unaltered form (Cx) or contained point (Cx-M1-5) or transversed (Cx-T) mutations (indicated in red). D, In the presence of cadmium, CadC fails to bind cadA, cadC, and lspB Cx. Increasing amounts of cadmium chloride (CdCl 2 ) were used in EMSAs with purified CadC and cadA Cx, cadA Cx-lspB Cx, and cadC Cx DNA fragments. Experiments yielding data shown in panels B-D were performed at least twice, and representative results are shown.
lower than that required to prevent CadC binding to a DNA fragment containing 2 Cx (cadA Cx-lspB Cx).
These results demonstrate that, in the absence of Cd, CadC represses the expression of cadAC by directly binding conserved Cx present in cadA and cadC promoters. In the presence of Cd, CadC cannot bind to or is detached from Cx, allowing CadA expression, thus inducing Cd resistance. The Cd concentration required to prevent CadC binding depends on the number of Cx. The expression of lspB is also subjected to Cd-dependent CadC-mediated regulation. However, lspB appears to be unnecessary for Cd resistance (Supplementary Figure 2B) .
CadC Is Required for Efficient L. monocytogenes Infection In Vivo
We evaluated the role of CadAC during L. monocytogenes infection in vivo by determining bacterial loads in the liver and spleen of intravenously inoculated mice. Seventy-two hours after infection, bacterial counts for the WT and ∆cadA strains were similar in both organs ( Figure 4A ). However, they appeared to be significantly lower for ∆cadC and ∆cadAC strains. Complementation of the ∆cadC mutant (∆cadC+cadC) restored bacterial loads to WT levels. Oral inoculation confirmed the impaired colonization of mouse organs by the ∆cadC and ∆cadAC strains as compared to the WT and ∆cadA strains ( Figure 4B ). CadC thus plays a role in L. monocytogenes in vivo infection, independent of cadA expression.
In the Absence of CadC Repression, lspB Expression Is Deleterious for
L. monocytogenes Infection
Because CadC is overexpressed in mouse organs [12] , we postulated that CadC-dependent lspB repression would be necessary for efficient L. monocytogenes infection. We constructed ∆lspB and ∆cadC∆lspB mutants and an lspB-overexpressing Figure 4 . In the absence of CadC repression, lspB expression is deleterious for Listeria monocytogenes infectious capacity. A, Bacterial counts of the wild-type (WT), ∆cadA, ∆cadC, ∆cadAC, and ∆cadC+cadC strains in the liver and spleen of C57BL/6 mice 72 hours after intravenous inoculation of 10 5 bacteria per animal. B, Bacterial counts of the WT, ∆cadA, ∆cadC, and ∆cadAC strains in the liver and spleen of C57BL/6 mice 72 hours after oral inoculation of 10 9 bacteria per animal. C, Bacterial counts of the WT, ∆lspB, ∆cadC∆lspB, and WT+lspB strains in the liver and spleen of C57BL/6 mice 72 hours after intravenous inoculation of 10 5 bacteria per animal. D, Bacterial counts of the WT, ∆lspB, ∆cadC∆lspB, and WT+lspB strains in the liver and spleen of BALB/c mice 72 hours after oral inoculation of 10 9 bacteria per animal. Data are presented as scatter plots, with each animal indicated by an empty circle and mean values indicated by a horizontal line (n = 5). CFU, colony-forming units; NS, not significant. *P < .05, **P < .01, and ***P < .001. strain (WT+lspB). Analysis of growth rates and lspB transcription indicated that neither the absence nor the overexpression of lspB have a significant impact on L. monocytogenes viability or replication in rich medium (Supplementary Figure 2D and 2E) . Transmission electron microscopy revealed no difference regarding overall and cell wall morphology of lspB-overexpressing strains (Supplementary Figure 2F) . A total of 72 hours after intravenous ( Figure 4C ) or oral ( Figure 4D ) inoculation of mice, bacterial counts for the WT and ∆lspB strains were not significantly different, indicating that LspB is not required for L. monocytogenes infection. Interestingly, whereas ∆cadC bacteria were attenuated ( Figure 4A and 4D) , the ∆cadC∆lspB strain behaved like the WT strain ( Figure 4C and 4D) , suggesting that the ∆cadC phenotype is associated with lspB expression levels. In agreement with this, the lspB-overexpressing strain appeared to be significantly attenuated after intravenous ( Figure 4C ) or oral ( Figure 4D ) inoculation. Increased lspB expression, either through the absence of CadC repression or through overexpression, thus appears to be detrimental to the infectious capacity of L. monocytogenes.
LspB Controls LpeA Extracellular Release
LspB has a high degree of identity with known type II signal peptidases (SPase II) of other Listeria strains and bacterial species (Figure 5A ), particularly the Streptococcus thermophilus SPase II (75% identity). LspB harbors the 5 highly conserved SPase II domains and the 6 residues critical for SPase II activity [34] . The predicted LspB topology shows the presence of 4 transmembrane domains, suggesting membrane localization (Supplementary Figure 1D) . SPase II enzymes were shown to be involved in lipoprotein membrane insertion and release to the extracellular medium [35] . We thus hypothesized that differential lspB expression could result in changes in the repertoire of L. monocytogenes surface-exposed and/or released lipoproteins. Whereas no difference was observed in membrane lipoprotein extracts, a band was detected between 25-37 kDa, with increased intensity in culture supernatants from lspB-overexpressing strains (∆cadC and WT+lspB; Figure 5B and 5C). The protein present in this band was identified by mass spectrometry as the Residues present in at least 3 SPase II enzymes are in blue, while residues conserved in all SPase II enzymes are in red. Conserved domains (I-V) as defined by Tjalsma et al [34] are highlighted in green boxes. Residues important for activity/stability are indicated by green arrows. B, Lipoprotein membrane extracts and culture supernatants from the wild-type (WT), ∆cadC, ∆lspB, ∆cadC∆lspB, and WT+lspB strains separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and stained with Coomassie blue. Arrows indicate a band between 25 and 37 kDa with increased intensity in the culture supernatants from ∆cadC and WT+lspB strains. C, Quantifications of LpeA in culture supernatants (ImageJ). Values are mean ± SD from 3 independent experiments and are presented normalized to the loading control and as a percentage relative to the mean value of the band intensity for the WT strain (set at 100). *P < .05 and **P < .01.
L. monocytogenes lipoprotein LpeA (lipoprotein promoting entry A) [36] (Supplementary Table 3) . LspA was the first SPase II identified in L. monocytogenes [44] . We analyzed lspA expression levels and showed that they were similar in the different strains (Supplementary Figure 3A) , indicating that increased LpeA levels in culture supernatants from lspB-overexpressing strains are unrelated to a differential lspA expression. Thus, lspB encodes a secondary L. monocytogenes SPase II, which promotes the release of the LpeA lipoprotein to the extracellular medium.
lspB Derepression Induces Expression of Inflammatory Cytokines Limiting
Intramacrophagic Survival
LpeA was shown to be required for entry into intestinal and hepatic cells [36] . In addition, an LpeA-deficient mutant survives longer in macrophages and is slightly more virulent than WT bacteria in mice [36] . We thus hypothesized that, in the presence of high LspB levels, more LpeA would be found in the extracellular medium, which would decrease L. monocytogenes survival in macrophages. We analyzed the capacity of L. monocytogenes strains to survive in mouse BMDMs. Whereas no significant difference was observed at 30 minutes after infection ( Figure 6A ), intramacrophagic survival of ∆cadC, ∆cadAC, and WT+lspB strains was significantly decreased 5 hours after infection, compared with findings for WT bacteria ( Figure 6B ). Strains ∆cadA, ∆cadC+cadC, ∆lspB, and ∆cadC∆lspB behaved similarly to WT. These results indicate that L. monocytogenes phagocytosis is not dependent on CadA, CadC, or LspB; that high lspB expression is detrimental for L. monocytogenes Figure 6 . In the absence of CadC repression, lspB expression decreases Listeria monocytogenes survival in macrophages and induces inflammatory cytokine expression. A and B, Intracellular counts of the wild-type (WT), ∆cadA, ∆cadC, ∆cadC+cadC, ∆cadAC, ∆lspB, WT+lspB, and ∆cadC∆lspB strains in mouse bone marrow-derived macrophages (BMDMs) 30 minutes (A) and 5 hours (B) after infection. Values are mean ± SD from 3 independent experiments and are presented as percentages relative to the mean counts of the WT strain (set at 100). *P < .05, **P < .01, and ***P < .001, compared with the WT strain; ### P < .001, compared with the indicated strains. C and D, Quantification of tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) expression levels by real-time quantitative polymerase chain reaction (C) and secretion levels by enzyme-linked immunosorbent assay (D) 5 hours after infection of RAW macrophages with either WT, ∆lspB, WT+lspB, or ∆lpeA strains. Values are mean ± SD from 3 independent experiments. *P < .05, **P < .01, and ***P < .001, compared with the WT strain. intramacrophagic survival; that CadC-mediated repression avoids LspB-disruptive effects on L. monocytogenes infection; and that the ∆cadC phenotype in vivo is not related to cadA derepression.
Secreted L. monocytogenes lipoproteins were shown to induce inflammatory cytokines (tumor necrosis factor α [TNF-α] and interleukin 6 [IL-6]) in a Toll-like receptor 2 (TLR2)-dependent manner during infection [37] . Given that lspB overexpression results in higher LpeA levels in culture supernatants, we tested whether this increased lipoprotein release could promote inflammatory cytokine expression. RAW macrophages were infected, and TNF-α and IL-6 expression and secretion levels were assessed 5 hours after infection. In ∆lspB-and ∆lpeA-infected RAW macrophages, TNF-á and IL-6 levels were significantly reduced. Inversely, infection by lspB-overexpressing bacteria resulted in increased cytokine expression and secretion ( Figure 6C and 6D) . As observed in BMDMs, the WT+lspB strain showed a significantly reduced capacity to survive in RAW macrophages (Supplementary Figure 3B) .
L. monocytogenes thus uses CadC to repress lspB expression during infection, avoiding excessive LpeA exposure to the host immune system, reducing inflammatory response, and promoting intramacrophagic survival and virulence.
DISCUSSION
CadA is an efflux pump required for Cd resistance, but in contrast to its homologues in S. aureus [38] and S. thermophilus [39] , it is not essential for zinc and lead efflux and does not significantly contribute to resistance against these or other metals. Whereas L. monocytogenes CadA was proposed to alternatively transport zinc [40] , resistance to zinc was previously shown to be independent of L. monocytogenes CadAC [11] . Although we cannot exclude that L. monocytogenes CadA might participate in detoxification of high levels of zinc, it mainly acts as a Cd efflux pump.
L. monocytogenes CadC appears as a trans-acting, sequence-specific, DNA-binding, and Cd-dependent regulator of cadA, cadC, and lspB expression. We are the first to show that the conservation of almost every nucleotide within the Cx palindrome is crucial for CadC binding. As previously suggested [39] , we also show that the Cd concentration necessary to release CadC from DNA is proportional to the number of Cx. Whereas cadAC are generally part of an operon under the control of a unique promoter containing 2 Cx, in L. monocytogenes these 2 genes are noncontiguous and controlled by 2 different Cx-containing promoters. They are separated by lspB with the opposite orientation and 2 Cx between cadA and lspB. This suggests that L. monocytogenes evolved an additional regulation level, allowing a differential regulation of cadA and cadC. L. monocytogenes also appears to be the first bacterium shown to use a Cd efflux pump repressor to control genes unrelated to Cd resistance. This atypical organization of the cadAC locus (ie, it is split by an SPase-encoding gene) is only found with a remarkable conservation in a cis-mobilizable element of S. thermophilus [41] . The chromosomal L. monocytogenes cadAC locus is predicted to be part of a L. monocytogenes integrative and conjugative element [41] , and its GC content is markedly lower than that of the surrounding regions, suggesting that L. monocytogenes could have acquired this locus by horizontal gene transfer.
We demonstrate that, during infection, L. monocytogenes represses lspB via CadC to ensure maximal infection efficiency. LspB, as for other gram-positive SPase II enzymes [42] , is dispensable for bacterial growth in vitro and for virulence in vivo. SPase II enzymes specifically process the N-terminal signal peptide of prolipoproteins translocated through the Sec system and lipidated by a diacylglyceryl transferase (Lgt). Lipoproteins are ultimately chained to the membrane via a lipid moiety covalently bound to an N-terminal conserved cysteine [43] . In addition to the presence in its sequence of all the conserved domains/residues critical for SPase II activity [34] and its predicted membrane localization, our results point to LspB as a secondary L. monocytogenes SPase II involved in the processing of LpeA. However, we cannot exclude that LspB could act upon other lipoproteins. LspA, the first SPase II identified in L. monocytogenes, is involved in lipoprotein processing, including LpeA, and in macrophage phagosome escape [44] . LspA is also involved in lipoprotein release to the extracellular medium, a process also dependent on Lgt. The retention and release of lipoproteins appears thus as a complex process in L. monocytogenes, cocontrolled by Lgt and SPases.
LpeA can be secreted, particularly in the absence of Lgt [35, 45] . In a lgt mutant, soluble lipoproteins induce the secretion of inflammatory cytokines in a TLR2-dependent manner during infection [37] . lspB derepression and overexpression leads to increased LpeA release and inflammatory cytokines secretion and correlates with decreased intramacrophagic survival and virulence in mice. Interestingly, an lpeA mutant survives better inside macrophages and induced early mouse mortality [36] . Group B Streptococcus-secreted lipoproteins also activate host inflammatory response through TLR2 signaling [42] . In this model, the absence of lgt and/or lsp leads to decreased TLR2-mediated recognition, reduced inflammatory response, and increased lethality [42] . Secreted mycoplasma lipoproteins also have the ability to modulate the host immune system in a TLR2-dependent manner [46] . Bacteria thus use different lipoprotein-processing enzymes (Lgt and Lsp) to control lipoprotein exposure to host immune recognition mechanisms. While LpeA is required for host cell invasion [36] , it also activates host-protective inflammatory responses. To reach a midpoint, L. monocytogenes developed an original strategy to spatially and temporally regulate LpeA exposure at the bacterial surface and to the host immune system. Interestingly, L. monocytogenes downregulates lgt, lspA, and lspB and upregulates cadC during mouse infection (Supplementary Table 2 ) [12] , suggesting that the localization of L. monocytogenes lipoproteins is tightly regulated during infection to promote virulence.
We propose that L. monocytogenes acquired a mobile element containing the cadA-lspB-cadC locus to control lipoprotein localization via CadC-dependent lspB regulation. During infection, this process minimizes lipoprotein exposure to the host immune system, diminishing inflammatory cytokine expression and promoting intramacrophagic survival and infection. This constitutes the first example of a heavy metal efflux pump regulator repurposed by a bacterial pathogen to fine-tune lipoprotein localization and host immune responses during infection. Being nonessential for bacterial growth, these transcriptional repressors could represent new targets for innovative antibacterial strategies.
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